Background: Clinical and preclinical studies firmly support the involvement of the inflammation in the pathogenesis of Alzheimer's disease (AD). Despite acetylcholinesterase inhibitors (AChEI) being widely used in AD patients, there is no conclusive evidence about their impact on the inflammatory response.
A lzheimer's disease (AD), the most common type of dementia, is a progressive age-related neurodegenerative disorder clinically characterized by a gradual and progressive impairment in cognitive functions. Despite considerable progress in understanding the pathophysiology of the disease, 1,2 AD remains a complex, multifactorial disorder with environmental, biological, and genetic risk factors. 3 Interestingly, there is increasing evidence about the involvement of immune system abnormalities in AD pathology. 4 Alzheimer's disease clinical and experimental studies suggest that cytokines-driven inflammatory pathways may trigger AD pathology and highlight their pathogenic role, as intense expression of these factors is found around Aβ deposition areas and neurofibrillary tangles. 5, 6 Moreover, altered peripheral levels of interleukins 1β (IL-1β), tumor necrosis factor alpha (TNF-α), and interleukin (IL-6) are reported in patients with AD and higher blood serum IL-1β levels associate with a more rapid cognitive decline. 7, 8 Although measurements in peripheral inflammatory markers may only represent a partial reflection of brain pathology, peripheral cytokine levels correlate well with brain inflammation and their detection might be of use for disease assessment. 9, 10 Whereas evidence firmly supports the involvement of inflammation in the pathogenesis of AD, there is still no conclusive evidence as to whether acetylcholinesterase inhibitors (AChEI) can have an impact on the inflammatory response. The AChEI are consistently used in AD patients as symptomatic therapy, mostly helping with cognitive and global outcome measures in a time-limited fashion. 5 While experimental data suggest an AChEI anti-inflammatory effect on suppressing lymphocyte proliferation and proinflammatory cytokine production, [11] [12] [13] a recent clinical study failed to identify any differences in IL1b, IL6, and TNFa after AChEI treatment. 14 In this context, the present study investigated cell-derived proinflammatory cytokines by firstly comparing AChEI-treated and drug-naïve AD patients with healthy controls. We then prospectively followed-up a subset of those drug-naïve AD patients who were prescribed the AChEI donepezil to investigate the hypothesis that such treatment would suppress cell-derived proinflammatory cytokine secretion.
METHODS

Patients
The present clinical sample is part of a larger effort on investigating genetic associations in AD, and further details of the patients' characteristics have been reported previously. [15] [16] [17] For this study, 105 consecutive outpatients attending a psychogeriatric outpatient service at the Department of Psychiatry in Medical School of University of Athens were recruited. Informed consent was obtained from all patients, and the study was approved by the University of Athens Medical School Ethics Committee. Of them, 61 patients aged 75.9 (SD, 7.6) years with an average AD illness duration of 2.5 (SD, 2.0) years were not receiving AChEIs at the beginning of the study. Forty-four patients aged 73.9 (SD, 7.2) years and with an average illness duration of 4.0 (2.4) years were already under treatment with AChEIs. After informed consent, all patients were examined with the Structured Clinical Interview for the Diagnostic and Statistical Manual version IV Axis I Disorders (SCID). Thereafter, patients underwent a screening evaluation to determine if they met the following inclusion criteria: diagnosis of probable AD by National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association, 18 Mini-Mental State Examination (MMSE) score of ≥10, current residence at home, caregiver willing to accompany the participant to study visits, stable medical history and general health. Patients with a lifetime diagnosis of schizophrenia, bipolar disorder, or pre-AD anxiety disorder, current substance use disorder, acutely suicidal, or requiring inpatient psychiatric hospitalization were excluded from the study. Cognition was assessed using the MMSE, and the severity of dementia was assessed with the Clinical Dementia Rating (CDR) scale. 19 Depressive symptoms were measured by the Greek version of the Cornell Scale for Depression in Dementia (CSDD). 20 Additionally, 23 individuals aged 65.7 (SD, 6.9) years served as a control group. Those were randomly selected from the general population in Athens, Greece, with the following criteria: older than 60 years, MMSE score > 28, normal physical examination, no history of neurological disease, and not meeting criteria for Diagnostic and Statistical Manual of Mental Disorders, version IV axis I diagnosis according to the World Health Organization Composite International Diagnostic Interview. For the follow-up study, of the 61 patients not receiving an AChEI at baseline assessment, 22 patients (36%) were deemed suitable of being treated with donepezil 10 mg/d. The treating physicians, who were blind to the specific aims, measurements, and outcomes of this study, were responsible to decide who of the original 61 patients would be treated with donepezil, based on their best clinical judgment and routine practices. There was no randomization to donepezil treatment and no influence of this study to the standard care the patients would receive. Those 22 patients received a target dose of 10 mg daily, after a 6-week titration schedule for reducing cholinergic adverse events and were tested twice: at baseline, before treatment with donepezil, and at 6 months after treatment with 10 mg/d of donepezil.
Biological Sampling and Assays
Blood samples (20 mL) from all subjects were collected in heparin-containing tubes and were immediately processed using the Ficoll procedure. Briefly, 7 mL of peripheral blood collected in heparin-containing tubes was layered on top of a 7 mL FicollHypaque solution, according to manufacturers' instructions. After centrifugation, erythrocytes and granulocytes sedimented at the bottom of the tube and PBMCs (lymphocytes, monocytes) concentrated at the interface. By using aseptic techniques, the PBMCs were collected in separate tubes, washed, counted, and resuspended in 1.5 mL solution containing 80% fetal calf serum and 20% dimethyl sulfoxide. Cell viability as measured by trypan blue exclusion method always exceeded 95%. Peripheral blood mononuclear cells (1 Â 10 6 cells/mL) containing Cryovials were stored in liquid nitrogen until analysis. For peripheral cytokines measurements, the enzyme-linked immunospot (ELISPOT) method was performed, which allows detection of real-time cytokine secretion by identifying the number of cells that actively secrete cytokines at a given time point with high sensitivity. 21 Cytokines IL-1β, TNF-α, IL-6, and IFN-γ were detected using a commercially available kit (Diaclone Elispot, Diaclone SAS, France). Briefly, well plates bottomed with polyvinylidene fluoride were coated with 25 μL/well of 70% ethanol for 30 seconds at room temperature (RT) following and washed 3 times with 100 μL (phosphate-buffered saline) PBS per well. Then, 100 μL capturing antibody (100-μL antibody diluted in 10 mL PBS) was dispensed into each well and was incubated overnight at +4°C. Subsequently, wells were emptied, washed once with 100-μL PBS, and incubated for 2 hours at RT with a blocking solution of 100 μL Roswell Park Memorial Institute medium supplemented with 10% fetal calf serum. The plate was emptied and washed once with PBS. Next, 100 μL of prepared cell suspension (5x10 5 cells/mL) were dispensed into each well. In half of wells, the well-established mitogen PMA (phorbol 12-myristate 13-acetate, 200 ng/mL) was added for activation of T lymphocytes to secrete cytokines and proliferate, as previously described. 22 This cell density provided the clearest ELISPOT enumeration without background and optimum, nontoxic cell activity was obtained with 200 ng/mL PMA (tested concentrations 150-450 ng/mL. The plate was again emptied, wells filled with 100 μL PBS-T (PBS with 0.1% tween-20) for 10 minutes at +4°C and washed 3 times with PBS-T. Subsequently, wells were filled with the detection antibody containing 1% bovine serum albumin and incubated for 90 minutes (RT). After incubation, the plate was washed with PBS-T and was incubated with streptavidin-alkaline phosphatase solution (1:5000, 1 hour, RT). After washing, wells were incubated with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium buffer for 45 minutes. The reaction was stopped with distilled water, and the plate was dried and automatically analyzed using Immunospot Analyzer.
Statistical Analysis
Data were tested for normality and equality of variance and nonparametric testing was deemed more suitable and conservative. Comparisons between healthy subjects, AD patient without treatment, and AD patients under treatment with AChEIs were performed using the nonparametric Kruskal-Wallis (KW) test. Post-hoc multiple comparisons were performed according to Dunn's correction for type I error. Healthy subjects did not score at the CSDD, and data were analyzed by comparing AD patients with and without AChEI treatment using the 2-tailed nonparametric Mann-Whitney U test, taking ties into account. All data before and after treatment with AChEIs (donepezil) were tested using the 2-tailed non-parametric Wilcoxon/Pratt matched-pairs signed rank exact test. Statistical analysis was performed using the Graphpad Prism v.7.0b (GraphPad Software, La Jolla, CA). All values reported are mean ± (SD). Statistical significance was set at P < 0.05.
RESULTS
Cross-Sectional Study: Comparison of Drug-Naïve and AChEI-treated AD Patients With Healthy Controls
As expected, healthy control subjects had higher MMSE scores than drug-naïve and under AChEI treatment AD patients (KW = 53.12; P < 0.0001; post hoc, P < 0.0001, P < 0.0001, respectively) ( Table 1) . However, no difference was detected in the MMSE and CSDD mean scores between AD drug-naïve patients and those receiving an AChEI treatment. Interestingly, the CSDD median score of drug-naïve AD patients was on average 4 points higher than those already on an AChEI treatment (U = 591, P = 0.0028, 95% confidence interval [CI] +0, +8 points) ( Table 1) .
Regarding IFN-γ, there were significant differences among the 3 groups, either without or with PMA activation (KW = 56.19, P < 0.0001; KW = 31.88, P < 0.0001; respectively). Healthy controls had lower counts of PBMC cells secreting IFN-γ in comparison with drug-naïve AD patients with and without PMA activation (P < 0.0001 and P < 0.0001, respectively) and in comparison with AChEI-treated AD patients (P < 0.0148 without PMA activation, P < 0.0001 with PMA activation) (Fig. 1, A and B) .
Tumor necrosis factor alpha was also significantly differentiated among the 3 groups, either without or with PMA activation (KW = 56.06, P < 0.0001; KW = 45.35, P < 0.0001; respectively). Healthy controls had lower levels of PBMC cells secreting TNF-α, either without or with PMA activation than AChEI-treated and drug-naïve AD patients (P < 0.0001 for all 4 post-hoc comparisons) (Fig. 1, C and D) . Similar differences were seen for IL-1β, either without or with PMA activation (KW = 23.89, P < 0.0001; KW = 7.054, P < 0.0294; respectively). Healthy controls had lower counts of PBMC cells secreting IL-1β without or with PMA activation in comparison with drug-naïve AD patients (P < 0.0001 and P = 0.0246, respectively) and in comparison with AChEItreated AD patients without PMA activation only (P = 0.0006) (Fig. 1, E and F) .
Regarding IL-6, differences were detected among the 3 groups, either without or with PMA activation (KW = 37.93, P < 0.0001; KW = 16.69, P < 0.0001; respectively). Healthy controls had fewer IL-6 secreting PBMC cells without or with PMA activation than untreated AD patients (P < 0.0001 and P < 0.0001, respectively), and fewer than AChEI-treated AD patients (P < 0.0001 and P = 0.0299, respectively) (Fig. 1, G and H) .
Finally, drug-naïve and AD patients receiving an AChEI did not differ in TNF-α, IL-1β, and IL-6. However, AChEI-treated AD patients had lower IFN-γ PBMC counts than drug-naïve AD patients (P = 0.0027) (Fig. 1A ), but this difference was not observed after PMA stimulation (Fig. 1B) .
Follow-Up Study: Effect of an AChEI (Donepezil) Treatment on Drug-Naïve AD Patients
Of the 61 drug-naïve AD patients presented, 22 patients (36%) were deemed suitable by the treating physicians of being treated with donepezil 10 mg/d and they were tested twice: at baseline, before treatment with donepezil, and at follow-up, 6 months after treatment with 10 mg/d of donepezil.
Patients reexamined after a 6-month treatment with donepezil showed a significant reduction in the CSDD as indicated by the Wilcoxon matched-pairs 2-tailed signed rank test (P = 0.001), with a median difference of 4 points (95% CI, −6 to 0 points). The CDR score after 6 months did not show any significant deterioration, as indicated by nonparametric testing, although a slight deterioration was observed in the MMSE score after 6 months ( Table 1) .
The analysis showed a reduction in the number of PBMC IFN-γ secreting cells at baseline (P = 0.0244) ( Fig. 2A) but not after PMA activation (Fig. 2B) . Peripheral blood mononuclear cells secreting TNF-α were also reduced after donepezil treatment both before and after PMA (P = 0.0101 and P = 0.0239, respectively) (Fig. 2, C and D) . Interleukins 1β secreting cells were significantly reduced by donepezil treatment, as measured without and with PMA activation (P = 0.0009 and P = 0.0203, respectively) (Fig. 2, E and F) . Finally, a reduction of cells secreting IL-6 was not evident without PMA stimulation (Fig. 2G) , but after stimulation, the reduction in PBMCs secreting IL-6 levels was significant (P = 0.0268) (Fig. 2H ).
DISCUSSION
The current clinical study, based on patients with mainly early/mild AD, demonstrates higher secretion of all monitored proinflammatory cytokines among AD patients. This is in line with previous evidence supporting the detrimental role of inflammatory cascades 23 and demonstrating increased peripheral levels of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, as well as decreases in anti-inflammatory cytokines, such as IL-4 in patients with AD. 7, 24, 25 In contrast, negative results have also been reported in other human studies. 26 A recent metaanalysis emphasized the variability of the peripheral cytokines in patients with AD, 27 highlighting the difficulty of defining a direct link between peripheral (pro-and anti-) inflammatory cytokines and the etiology or response to treatment in such a multifactorial disease where inflammatory cascades could be differently affected in early (presymptomatic) and late (postsymptomatic) stages of AD. In contrast to monitoring of the aforementioned cytokines, very few studies have estimated systemic IFN-γ in AD patients 9, 28, 29 and their possible involvement in the neurodegenerative process in the brain. In previous studies, based on ELISA assays, IFN-γ levels under basal conditions were either nondetectable 28 or did not differ among groups of AD patients and healthy controls. 29 However, a previous study showed that PBMC of patients with moderate/severe, but not early/mild, AD exhibit higher secretion of IFN-γ when compared with healthy controls. 9 In our study, we demonstrate a clear difference in IFN-γ between patients with early/mild AD and healthy controls. The discrepancy between the current and previous studies could be attributed to the selected method of cytokines estimation, as ELISPOT might be more precise and accurate than ELISA in the detection of released cytokines.
On the other hand, there are conflicting reports on patients with AD regarding the effect of AChEIs on proinflammatory cytokines. Richardson et al 14 found no AChEI-driven differences in IL-1β, IL-6, and TNF-α. On the contrary, the current study and previous studies showed that AChEI treatment reduced levels of PBMC-derived proinflammatory cytokines IL-1, IL-6, and TNF. 24, 30, 31 A possible explanation for the above conflicting results among different clinical studies could be based on the different length of AChEI treatment as AChEIs apparently exert their action in a time-specific manner. In fact, while investigating the profile of the short-term and long-term use of AChEIs, a previous study detected a short-term AChEI effect on oxidative stress markers, which was not found at long-term treatment. 32 Indeed, the current study shows that, while secretion of proinflammatory cytokines (including IFN-γ) was significantly higher in AD patients than healthy controls, 6-month donepezil treatment in patients with early/mild stage of AD results in a clear anti-inflammatory effect. However, despite this reduction, cytokines of donepezil-treated AD patients remained higher in comparison with healthy controls. A possible explanation is that the inflammatory-driven impact on AD neuronal malfunction/ damage might be a more prominent and irreversible process once neurodegeneration persists, in agreement with the hypothesis of an inflammatory endophenotype in AD patients. 33 It should be mentioned that 80% of patients in this study were at the early/ mild stage of AD, whereas only 20% at moderate/severe stage. A subgroup analysis, according to CDR staging, in a significantly larger sample would provide further insight to differences in PBMC-secreted proinflammatory cytokines according to the severity of AD.
Interestingly, while their overall cognitive performance was not improved, AD patients receiving AChEI for 6 months exhibited an improvement in depression symptoms, as indicated by changes in the CSDD. Several studies have highlighted the potential role of inflammation as the connecting link between AD and depression. 34 Patients with depression were also found with elevated proinflammatory cytokines, and common treatment targets have been proposed to protect from inflammation in AD and depression. 35 A previous clinical study showed that donepezil treatment improved behavioral symptoms, including depression, 36 while another study indicated that donepezil delayed more effectively the progression of cognitive impairment in those patients who were depressed at the beginning of donepezil treatment. 37 Several confounding factors could influence the present result (such as "placebo" effect of treated patients or improvement of behavioral symptoms). Furthermore, there is no direct evidence regarding how the cytokine findings relate to the therapeutic effect (if any) of the AChEI. Moreover, the Ficoll-Hypaque method does not selectively identify lymphocytes versus monocytes as the source of cytokines and potential differences in these cells could influence the overall outcome, along with systemic diseases, infections, and inflammatory processes. However, all patients in this study where closely monitored and none displayed such events. In addition, the comparison of PBMC-derived cytokines in the prospective part of the study, where each patient is tested before and after treatment, provides additional evidence about the influence of AChEI treatment on overall. PBMC-derived cytokines levels.
In summary, this study shows a striking difference in proinflammatory cytokines, between controls versus drugnaive and AChEI-treated AD patients. Moreover, AChEI treatment, in this case donepezil, reduced proinflammatory cytokines when examining patients before and after treatment. Further studies are warranted to understand the role of such modulation of cytokines by AChEIs and its possible role in the progress of AD. Baseline is before commencing treatment, and the end point is after 6 months of donepezil treatment. One, 3, or 4 asterisks denote levels of significance (P < 0.05, P < 0.001, and P < 0.0001, respectively) calculated by Wilcoxon/Pratt nonparametric test. The left column represents basal secretion, and the right column contains data after PMA stimulation. On each pane, we report on the left values before (baseline) vs after treatment (end point) and the horizontal line represents the group mean at baseline and at the end point (6 months). On the right side of each pane, we depict the difference in absolute values for each patient to provide a better estimation of the effect of donepezil treatment on each patient. A horizontal line depicts the mean difference, and the thinner dashed line delineates the point of no difference after treatment.
